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reducing stage of N,N′ diisopropylacetamidinate copper(I),
named hereafter CuAmd. However, the ALD technique remains
complex and diﬃcult to master at the industrial level, and always
requires an expensive equipment (secondary vacuum level,
complex mastering of injection of vapor phases in the reaction
chamber).12
To tackle these drawbacks, we present here a fully liquid
implementation of an amidinate copper precursor as a response
to thin ﬁlms problems via the use of well controlled, colloidal
metallic NPs.13 In that aim, colloidal solutions of metal NPs may
be considered as a reservoir of “metallic nano bricks”, which can
be deposited on a substrate and ultimately form an electrically
conductive metal layer.14 However, the synthesis of colloidal
solutions requires the use of organic ligands which “dress” the
NPs, i.e., adsorb at their surface to stabilize them. Unfortunately,
when these ligands are trapped in the metallic layer they are
strongly detrimental to electrical conductance.15 Therefore, the
ligands should be temporarily active in order to stabilize copper
NPs in solution, but eventually released in solution when NPs
condense on the substrate, forming the thin ﬁlm. Although
highly desirable, this metallization sequence has never yet been
described in metal ﬁlm deposition processes. In this paper, we
demonstrate this sequence via decomposition (under moderate
temperature and H2 pressure) of CuAmd in a toluene solution.
During this process, the decomposition of the precursor
generates its own labile stabilizers (amidine moiety) which
interact with copper nanocrystals in solution. Such “dressed”Cu
NPs are metastable and the colloidal solution spontaneously
evolves within few hours toward the condensation of a
chemically pure, conformal, and conductive copper ﬁlm on
immersed surfaces. Moreover, this process allows the coating of
high aspect ratio silicon structures (depth to entry ratio of 31)
with a metallization ratio close to 100%. We have performed
time resolved solution NMR experiments, UV−vis, TEM, SEM,
and proﬁlometry analyses to decipher the precursor decom
position and thin ﬁlm growth stages. These thin copper layers
have been successfully employed as seed layers for electro
chemically grown thick copper layers in narrow vias (aspect ratio
of 3.5 and 10).
2. EXPERIMENTAL AND MATERIALS
2.1. Materials and Reagents. Si/SiO2 substrates were supplied by
STMicroelectronics. The SiO2 layer (1 μm thick) is achieved through
wet oxidation and thermal growth on the silicon wafer. The substrates
were cleaned in an ultrasonic bath with acetone and ethanol prior to
use. Copper amidinate (I) precursor (N,N′ diisopropylacetamidinate
copper(I), CuAmd) and toluene were purchased from Nanomeps S. A.
and Sigma Aldrich, respectively. The solvent was dried using a
puriﬁcation system (Innovative Technology) and degassed by freeze/
pump steps in a Schlenk vessel. All experiments were conducted under a
pure argon atmosphere using a glovebox and standard Fischer−Porter
techniques.
2.2. Deposition of Copper Films.CuAmd precursor (50 mg, 0.08
mol/L) was introduced under a controlled atmosphere in a Fischer−
Porter bottle with 3 mL of dry toluene. A Si/SiO2 substrate (1 × 2 cm)
was immersed in the toluene solution of CuAmd. The polished face of
the Si/SiO2 substrate was placed facing the bottom of the reactor in
order to avoid the deposition of precipitated copper aggregates. The
unpolished backside of the substrate faced the solution surface. The
Fischer−Porter reactor was then closed and pressurized with 3 bar H2
(Air Liquide Alphagaz 1 grade, purity 99.999%). Finally, the reactor was
placed in an oil bath at the temperature of 110 °C. The reaction was left
running during the desired time. After 2 h, the metallization of the
reactor walls was observed and the color of the solution was light red. At
the end of the reaction, the reactor was quickly cooled and H2 was
purged. The substrate, metallized on both faces, was rinsed in the
glovebox with 2mL of toluene and dried at room temperature under air.
2.3. 1H NMR Characterization. Analyses were performed on a
Bruker Avance 400 spectrometer for 1H NMR and Bruker Avance 500
for DOSY experiments. Time resolved 1H NMR was used to follow the
evolution of the reactive species during copper precursor decom
position. The copper precursor in toluene solution under 3 bar H2 at
110 °C decomposes to yield metallic copper on the substrate. The
evolution of copper precursor with time is determined by the
integration of the singlet signal of the CH3 of the amidine group
located at 1.72 ppm and compared with the initial signal integration of
the same group at t0 (see Figure S1). The process was performed in a
standard Fisher Porter reactor in toluene d8 solvent. The reaction was
stopped at regular intervals in order to sample out 0.5 mL of the
solution. All samples were introduced under argon atmosphere in the
NMR tube at room temperature. In situ 1H NMR characterizations
were performed in toluene d8 in a dedicated NMR tube heated to 110
°C and pressurized with 3 bar H2.
Diﬀusion ordered spectroscopy experiments (DOSY) separate the
NMR signals of diﬀerent components in a mixture according to their
diﬀusion coeﬃcients. The rate of diﬀusion is inversely related to the
molecular weight, size or shape of the molecule so that it is used to
recognize each of the species in the solution. DOSYmeasurements were
made using the stimulated echo pulse sequence with bipolar gradient
pulses in toluene d8 at 25 °C. The diﬀusion dimension was processed
with the nonlinear least squares ﬁtting method (Topspin software).
2.4. Electron Microscopy. TEM images were taken with a Hitachi
7700 HT operating at 120 kV with a resolution of 2.3 Å (point−point)
and 1 Å (line) at the Centre de Microscopie Electronique Applique ́ a ̀ la
Biologie (CMEAB, Toulouse). A drop of the colloidal solution was
deposited on a copper grid for TEM observations. SEM images were
taken on an ESEM Quanta 250 ﬁeld emission gun FEG operating at
200 kV with a resolution ranging from 1 to 3 nm at the CMEAB,
Toulouse. The substrates were cut in 5× 5 mm squares and glued on an
aluminum support with a silver paste before analysis.
2.5. UV−Visible Characterization. Colloidal copper nano
particles are characterized by a localized surface plasmon resonance
(LSPR) located around 580 nm, as evidenced by UV−vis spectrosco
py.16 The presence of nanoparticles in the reaction solution was studied
with time on a PerkinElmer Lambda 25 spectrophotometer, at room
temperature, between 400 and 1000 nm and using a quartz cell (L = 1
cm). A volume of 2.5 mL of the solution was introduced in a quartz cell
under argon atmosphere to avoid the oxidation of copper nanoparticles.
Time resolvedUV−vismeasurements were carried out by rapid cooling
of the synthesis reactor to room temperature, then by collecting the
supernatant sample for analysis.
2.6. XPS Characterization. X ray photoelectron spectroscopy
(XPS) was used to analyze the chemical composition and determine the
contamination level of copper ﬁlms. XPS analyses were performed using
a Thermoelectron Kalpha device. The photoelectron emission spectra
were recorded using Al−Kα radiation (hν = 1486.6 eV) from a
monochromatized source. The analyzed area was about 0.15 mm2. The
pass energy was ﬁxed at 40 eV. The spectrometer energy calibration was
done using the Au 4f7/2 (83.9 ± 0.1 eV) and Cu 2p3/2 (932.8 ± 0.1 eV)
photoelectron lines. XPS spectra were recorded in direct mode N (Ec).
The background signal was removed using the Shirley method. The
atomic concentrations were determined with an accuracy of 10% from
photoelectron peak areas using the atomic sensitivity factors reported
by Scoﬁeld, taking into account the transmission function of the
analyzer. The binding energy scale was established by referencing the C
1s value of adventitious carbon (284.8 eV). Depth proﬁling of the
copper layers was investigated by sputtering of the samples with Ar+
ions at 2 keV.
2.7. Cu Film Thickness Measurements. The thicknesses of Cu
ﬁlms were measured with a TENCOR P2 proﬁlometer at the Atelier
Interuniversitaire de Micronano Electronique (AIME), Toulouse. A
protective photosensitive ﬁlm was deposited on a part of the copper
layer before the sample was immersed in a FeCl3 solution
(concentration 1%) for 12 s in order to dissolve the exposed copper
ﬁlm and create a step. The sample was rinsed with water and exposed to
UV light for 3 min in order to remove the photoresist ﬁlm.
2.8. Resistivity Measurements. The average resistivity of copper
ﬁlms was measured by a 4 tip resistivimeter at AIME facilities in
Toulouse.
2.9. Electrochemical Cu Deposition for Filling of 3D
Structures. The deposition of Cu ﬁlms was performed on a SiO2/Si
substrate covered with a thinMnSiO3 barrier layer. TheMnSiO3 barrier
layer was deposited by a process developed in our team.17 After Cu
deposition, annealing was performed at 300 °C during 3 h under a H2
ﬂow to stabilize the copper layer. After these steps, the substrate was
used as the working electrode for the electrodeposition of thick copper
layer. Phosphorus doped copper was used as counter electrode in the
electrochemical bath. The electrolytic bath, supplied by STMicroelec
tronics, was composed of CuSO4·5H2O (55 g/L), NaCl (70 mg/L),
H2SO4 (50 g/L), and three additives (accelerator, leveler and
suppressor). The electrochemical cell was degassed prior to the
electrochemical deposition. A constant current of −3 mA/cm was
applied using a Autolab PGstat100 potentiostat/galvanostat purchased
from Metrohm Autolab B. V. for 17 h. Finally, the substrate was rinsed
by deionized water and dried under vacuum.
3. RESULTS
Colloidal NP synthesis in our group is based on the mild
decomposition of metallorganic complexes in organic solvent
with stabilizing ligands, under a moderate dihydrogen pressure
(∼3 bar).18 The copper deposition process presented here was
inspired by the solution hydrogenolysis route for NPs synthesis,
but with a major exception: the absence of any additional
stabilizing agents. Recently, Cu NPs colloidal solutions were
successfully prepared by the hydrogenolysis of N,N′ diisopro
pylacetamidinate copper(I) (CuAmd), in toluene at 110 °C in
the presence of small amounts of fatty carboxylic acid or amine
species.16,19 However, we observed that when no additional
ligand is used, all other parameters being the same, a shiny
copper ﬁlm spontaneously formed after several hours on the
glass walls of the reactor and on a silicon substrate placed in the
reactor (Figure 1).
When other copper precursors like copper(II) iso butyrate
(C8H14CuO4) or mesitylcopper(I) (C9H11Cu) are thermally
decomposed under H2 pressure, copper ﬁlms form on the
reactor walls as well. However, these ﬁlms either present a large
amount of incorporated carboxylate ligands (in the case of the
iso butyrate precursor), which lead to a very low electrical
conductivity, or the ﬁlms are heterogeneous and composed of
poorly interconnected copper aggregates, detrimental to their
electrical conductance.14 Surprisingly, only the use of the
amidinate copper precursor leads to an homogeneous copper
condensation on the surfaces. To elucidate the deposition
mechanism of this precursor, we performed a set of time
resolved analyses of the reaction solution and of the ﬁlm growth.
3.1. Characterization of the Reacting Solution and the
Growing Film. Solution 1H NMR.The silicon substrate and the
glass reactor walls initially present hydroxyl sites at their
surface.20 CuAmd in contact with these surfaces may
spontaneously react with the hydroxyl functions. In order to
support this reaction scheme, the aﬃnity of CuAmd with
hydroxy groups was studied by 1H NMR analyses and diﬀusion
ordered spectroscopy (DOSY) in toluene d8 at 298 K, in a
model reaction of a 1/2 mixture of CuAmd with triethylsilanol
((CH3CH2)3SiOH) (Figure 2 including the signals assign
ments). The NMR spectrum of CuAmd/(CH3CH2)3SiOH
mixture showed a complex behavior. Notably, we evidenced the
presence of free CuAmd (3 signals at 3.47, 1.75, and 1.22 ppm, D
= 1.3 × 10−9 m2/ s), CuAmd in strong interaction with
triethylsilanol in a 1/1 complex (3 signals at 3.35, 1.63, and 1.33
ppm, D = 1.0 × 10−9 m2/ s) but also amidine molecules in
interaction with triethylsilanol (Figure S2, 3 broad signals at
4.14, 3.06, and 2.87 ppm, D not measurable). Triethylsilanol
shows two sets of resonances, a major one with a diﬀusion
coeﬃcient of D = 1.8 × 10−9 m2/ s (2 signals at 1.14 and 0.68
ppm) that is lower than the free triethylsilanol one (2 signals at
0.98 and 0.52 ppm,D = 2.4× 10−9 m2/ s) and aminor one with a
diﬀusion coeﬃcient D = 1.0 × 10−9 m2/ s (2 signals at 1.25 and
0.87 ppm) corresponding to the CuAmd/(CH3CH2)3SiOH 1/1
complex. These resonances correspond to triethylsilanol in fast
exchange between free species and species in interaction with
amidine molecules
Overall, 1H NMR and DOSY results strongly suggest that
CuAmd chemically interacts with silanol groups and may form
adsorbed Cu complex on silicon substrates, but also that
hydroxide groups can spontaneously decompose CuAmd and
release free amidine. However, even with an excess of silanol as
in our model reaction, unreacted and free CuAmd species
remain in solution. Chabal et al.21 have studied, by in situ FTIR
technique, the interaction of the butylamidinate copper
precursor [Cu(sBu amd)]2 with hydroxylated SiO2 substrates
during the ALD process, evidenced by the grafting of Si−O−Cu
(sBu amd) species on the substrate. Similar results have been
obtained by XPS analyses of ALD deposition of copper
acetamidinate on SiO2 surfaces.
22 These studies corroborate
our ﬁndings on the reactivity of metal amidinate precursor with
hydroxyl groups at room temperature.
Next, the reaction of CuAmd at 110 °C under 3 bar H2 was
studied by sampling the supernatant in a Fisher Porter reactor
containing CuAmd at a concentration of 8 × 10−2 mol/L by 1H
NMR in toluene d8 as a function of time (Figure S1). The
spectra show the progressive disappearance of the proton signals
corresponding to the CuAmd precursor and the appearance of a
new set of proton signals corresponding to free amidine ligands.
However, a latency period seems to precede the regular
decomposition rate of the copper precursor. A new set of
experiment were directly in a specialized NMR tube with an
adapted copper concentration in order to avoid radiofrequency
signal screening due to rapid metallization of the tube walls (6 ×
10−3 mol/L). In this case, the consumption rate of the precursor
in the NMR tube reveals a latency period up to ca. 10 min
(Figure 3) before the precursor starts to decompose (precursor
consumption <10%). After this induction period, the precursor
decomposition evolves at a constant rate (1.4 × 10−4 mol/L
min) up to its total consumption after around an hour of
Figure 1. Image of Cu ﬁlmmirror deposited on the reactor walls and on
silicon substrate (shown by arrow) by solution decomposition of
CuAmd in toluene at 110 °C (3 bar H2).
reaction. It is worth noting that at the end of reaction, the total
amount of free amidine moiety in solution corresponds to the
initial amount of amidinate in the precursor. This result suggests
that there are no trapped amidine species in the deposited
copper layer.
TEM. The TEM analysis of the supernatant recorded at
diﬀerent reaction time yields complementary results of the
reaction evolution. After around 10 min, the solution turns light
red which suggests the presence of Cu NPs. TEM analysis
conﬁrms the presence of well dispersed Cu nanocrystals with an
Figure 2. (a) 1H NMR and (b) DOSY analyses of (CH3CH2)3SiOH (blue), CuAmd (red), and the mixture of both (green) in toluene d8. * The
DOSY peak of the CH3(SiOH) group of the CuAmd/(CH3CH2)3SiOH complex shows a diﬀusion coeﬃcient higher than 1.0× 10−9 m2/ s because of
an overlap with a small and broad signal probably due to a labile OH/H2O hydrogen.
Figure 3. CuAmd precursor consumption during deposition process measured by in situ 1H NMR ([CuAmd] = 6 × 10−3 mol/L). Inset right:
decomposition scheme of CuAmd in solution.
average size of 5.0 ± 1.0 nm (Figure 4a, b). These NPs start to
aggregate in solution and form small blackberrylike structures
after around 30 min. After 1 h, aggregates of ca. 20 nm
surrounded by smaller NPs were found. After 3 h, most of the
NPs in solution form ca. 40 nm large aggregates having probably
undergone an Ostwald ripening process. At the end of the
reaction, all the Cu NPs and aggregates have released their
amidine ligands in solution after having being condensed as a
solid state ﬁlm.
SEM, Proﬁlometry, and Conductivity. Simultaneously to
NPs formation in solution, we observed the onset of a bright
copper ﬁlm on the reactor walls and on the substrate placed in
the reactor. The growth of the metallic thin ﬁlm is characterized
by SEM analyses taken at diﬀerent reaction times (Figure 4c).
For the short deposition times (10 and 20 min) the copper
deposited on the substrate consists of adsorbed NPs or
agglomerated NPs clusters (see zoomed image of 10 min Cu
ﬁlm in Figure S5). These observations conﬁrm that the
formation of NPs in solution is concomitant to the thin ﬁlm
growth on the substrate.With increasing time, the deposited ﬁlm
microstructure evolves toward larger copper nanostructures.
The thicknesses of the copper layers measured by proﬁlometry
linearly increase with reaction time as shown on Figure 5a. The
ﬁlm growth stops after 3 h of reaction, i.e., when the precursor is
fully consumed and all Cu NPs are condensed on the immersed
surfaces yielding a layer with a thickness of ca. 220 nm. The
Figure 4. Cu NPs formed at 10 and 30 min and 1, 2, and 3 h of reaction: (a) TEM images of Cu NPs in solution, (b) size distribution of NPs, and (c)
SEM images of the Cu ﬁlm on the substrates.
resulting copper layer exhibits a resistivity of 5.3 ± 0.6 μΩ cm,
which is only three times higher than the bulk copper one (1.6
μΩ cm).
UV−Vis Spectroscopy. UV−vis analyses conﬁrmed the
concomitant Cu NPs germination and ﬁlm growth evolution
(Figure 5b). Cu NPs display a localized surface plasmon
resonance (LSPR) in the visible range, the position of which
strongly depends on the nanoparticle aggregation.23 The LSPR
of colloidal copper formed after 10 min of reaction is located at
584 nm as expected for well dispersed and small size Cu NPs.24
With increasing reaction times, the LSPR red shifts and gets
broader: after 2 h of reaction the NP absorption spectrum
extends across the complete visible range as a result of their
aggregation in solution. After 4 h, the supernatant is clear, and no
residual copper aggregate remains in solution as indicated by the
absence of any signal in the UV−vis spectrum.
In relation with the hard−soft acid−base theory, nitrogen
atoms (hard base) may behave as even stronger ligands for
copper than silver.25 The interaction between amidine moieties
and copper nanocrystals is large enough to yield Cu NPs in
solution. However, owing to the small size of the amidine ligands
and their dynamic exchange between the solvent and the metal
surface,16 NPs remain in a metastable state. The ﬁrst Cu
nanocrystals in solution appear several minutes after the onset of
the reaction as shown by TEM and SEM observations (Figure
4a, c). During this step, only a limited fraction of the copper
precursor (<10%) is consumed as indicated by 1H NMR
analyses. The presence of Cu NPs clusters on the substrate after
10 min (Figure 4c and Figure S5) provides evidence for the
concomitance of NPs nucleation in solution and the initial
condensation stage of Cu nanocrystals.
Copper Film Purity. After the Cu ﬁlm growth on the
substrate, a thermal annealing at 300 °C was performed for 3 h
under a H2 atmosphere to stabilize the ﬁlm. Metallic layers
having high chemical purity is a major concern for conductive
ﬁlms since any chemical contamination may induce a degraded
conductivity compared to bulk metal, or even bring undesired
eﬀects like reliability problems.26 The carbon content of the
copper layer has been evaluated by X ray photoelectron
spectroscopy (XPS) (Figure 6 and Table S1). XPS analysis
reveals only traces of carbon found at the topmost surface of the
sample, which may correspond to atmospheric carbon species
and/or residual organic traces (solvent, ligands). After etching
the sample for 115 s, all the carbon from the surface pollution has
disappeared and a residual level less than 0.8% is measured in the
copper layer (Table S1 and Figure S6). After 615 s of surface
etching, copper is at its maximum concentration and the carbon
content is too low to be detected. It is noteworthy that no
measurable signal of nitrogen species is detected on the sample
even before sample etching, supporting the absence of trapped
amidine ligands in the growing layer.
3.2. Inﬂuence of the Temperature, Precursor Concen-
tration, Reducing Gas Pressure, and Time on the Cu
Layer Growth. In order to master the growth of the Cu ﬁlm, we
have investigated the role of the main parameters of the process.
We set up an experimental matrix where temperature, precursor
concentration, reducing agent pressure and reaction time are
varied. These parameters are usually known to control the size
and shape of metallic NPs prepared with stabilizers, and
therefore they may play a pivotal role for the microstructure of
the copper ﬁlm. We explored values close to standard ﬁlm
deposition conditions, namely, a temperature of 110 °C, a
concentration of 0.08 mol/L, 3 bar of H2, and decomposition
time of 2 h. In the experimental matrix, the temperature varied
between 90 or 130 °C, the precursor concentration from 0.04 to
0.12 mol/L, the H2 pressure between 2 or 4 bar and the reaction
time was 1 or 3 h. This resulted in a 16 experiments matrix
(Table 1). A Si/SiO2 substrate is placed in the deposition reactor
for each experiment. Cu thin ﬁlm microstructures are analyzed
Figure 5. (a) Thickness of the deposited Cu layer on a SiO2/Si substrate at 10, 20, 30 min, and 1, 2, 3, and 4 h of reaction (dotted line is drawn as a
guide for the eye only); (b) time resolved UV−vis spectra of the reaction supernatant.
Figure 6.XPS elementary depth proﬁling of a copper ﬁlm obtained on a
silicon wafer (dotted line is drawn as a guide for the eye only).
by SEM, resistivity is measured by a four point method and
thicknesses are characterized by proﬁlometry.
The central point is characterized by a complete Cu ﬁlm
(Figure 7a) constituted of small copper grains leading to a
homogeneous layer aspect. Quarter Q1, corresponding to low
temperature decomposition (90 °C) and low copper concen
tration (0.04 mol/L), leads to either the absence of a Cu ﬁlm or
the formation of a discontinuous Cu ﬁlm depending on the
reaction duration (Figure 7c). In quarter Q2 (low temperature
and high precursor concentration), no Cu ﬁlm is observed: a
black precipitate of agglomerated CuNPs forms at the bottom of
the reactor. The quarter Q3 (high temperature, low concen
tration) leads to the formation of an incomplete Cu layer for the
lower H2 pressure, whereas isolated Cu islets (Figure 7d) form
for the two others experiments (high H2 pressure). In these
latter cases, the discontinuity of the microstructure made of
nonpercolating Cu islands gives rise to electrically insulating
layers (Table 1). Quarter Q4 (high temperature, high
concentration) yields complete and conductive Cu ﬁlms when
the reaction time is 3 h and/or H2 pressure is 4 bar (Figure 7b).
These results clearly show that the process requires precursor
concentration >0.04 mol/L and temperature above 90 °C
(central point and Q4, Table 1) to achieve a full covering of the
substrate by copper. The reaction time and hydrogen pressure
inﬂuence the ﬁlm formation in a secondary level. The high
temperature conditions favor the rapid nucleation of Cu nuclei,
thus overcoming the growth of larger nanoparticles in
solution.27,28 If the temperature is too low, the formation of
large copper aggregates is favored because initial copper nuclei
are fed by a regular addition of precursor present in solution.
When the aggregates reach a critical size, they precipitate at the
bottom of the reactor and no copper ﬁlm is formed. The second
major reaction parameter is the precursor concentration because
a minimum amount of Cu precursor is required to achieve a
complete Cu layer. Experiments Q1 and Q3 with the lowest
precursor concentration (0.04 mL/L), whatever the other
parameters, always produce either no ﬁlm, Cu islands or
interlaced Cu ﬁlms. These incomplete microstructures arise
from a lack of suﬃcient matter to fully cover the immersed
surfaces even if the reaction temperature is adapted. Taken
together, the experimental data suggest the importance of Cu
NP nucleation and their concentration in solution for fostering
the production of a continuous ﬁlm by metastable Cu NPs.
Table 1. Matrix of Experiments and Characterization of the Cu Filmsa
aFor the sake of clarity, this experimental matrix has been organized into four quarters (Q1 to Q4, see Table 1) relying on the most important
reaction parameters: temperature and precursor concentration. The thin ﬁlm microstructures obtained with such an experimental matrix belong to
four domains: no Cu layer (precipitated powder), nonpercolating Cu islands, interlaced Cu layer and complete Cu layer, i.e., full coverage of the
surface (Figure 7).
Figure 7. SEM images of the Cu ﬁlm microstructure: (a) central point,
(b) complete Cu ﬁlm, (c) interlaced Cu layer, and (d) nonpercolating
Cu islands.
4. DISCUSSION ON THE GROWTH MECHANISM
1H NMR, UV−vis, TEM, and SEM characterizations of the
solution and the thin ﬁlm allowed us to propose three major key
stages of the copper ﬁlms growth with time (Scheme 1): (i)
adsorption of CuAmd on surface hydroxyl groups at room
temperature and slow reduction stage under H2 at 110 °C; (ii)
regular growth stage by nucleation of Cu NPs in solution,
condensation on surfaces, and release of free amidine; and (iii)
formation of large clusters in solution and sedimentation. These
major steps describing the growth process of the Cu thin ﬁlm are
detailed hereafter:
First Stage (Scheme 1, Steps a−c). As demonstrated by
NMR studies, CuAmd in toluene solution at room temperature
reacts with silanol groups present on the reactor walls and
substrate surface to generate the very ﬁrst adsorbed copper
species. Because of the limited amount of surface −OH species,
most of the copper precursor remains unaﬀected at this stage
which corresponds to the steps a and b of Scheme 1. When the
temperature is increased to 110 °C and the reactor is pressurized
under H2, the Cu species adsorbed on the surface are reduced to
yield the very ﬁrst copper atoms. These copper atoms may act as
favorable adsorption sites for the further growth of the copper
layer driven by metal−metal interactions. Simultaneously, the
homogeneous decomposition of CuAmd produces the colloidal
copper nanocrystals in solution (step c of Scheme 1).
Nanocrystal stabilization is facilitated via the labile amidine
ligands released by the precursor decomposition. The
interaction between metallic NP surface and amidine molecules
has been previously evidenced in the case of silver NPs
synthesized from silver amidinate precursor.19
However, during this ﬁrst stage, the decomposition of the Cu
precursor is slow and corresponds to the induction period
observed by 1H NMR analysis, up to the point where enough
metallic copper is condensed on the surfaces to enable the
second deposition stage.
Second Stage (Scheme 1, Step d). After this ﬁrst
induction period, the precursor starts to decompose at a regular
speed. This stage corresponds to the fast ﬁlm growth regime on
the substrate. This onset seems to be triggered by a self catalytic
decomposition reaction that occurs when the copper ﬁlm grows
on the immersed surfaces. Indeed, if the solution is removed
from the NMR tube just after the onset of the fast
decomposition regime and transferred into a clean NMR tube,
the induction period recommences. A minimum amount of
metallic copper has to be condensed on area surfaces in order to
allow the fast decomposition of the CuAmd precursor. During
this regime, Cu nanocrystals follow three main evolutions: they
nucleate and grow in solution, where they possibly aggregate
(Figure S4), whereas some of them regularly condense on the
substrate (Figure 4b). This eﬀect is conﬁrmed by UV−vis
spectra collected at diﬀerent reaction times (Figure 5b).
Between 10 and 30 min, the baseline of the absorbance
spectrum increases in accordance with the concentration
increase of Cu NPs in solution. After 30 min this concentration
starts to decrease as a result of the condensation mechanism of
Cu NPs on the substrate. In addition, the LSPR band gets larger
and shifts toward the lower energy levels (i.e., bathochromic
shifts) because of the aggregation of NPs with time.29,30 Cu NPs
spontaneously evolve in order to lower their Gibbs free energy
by adsorbing onto any immersed surfaces (reactor walls and
substrate). The metallic thin ﬁlm growth is therefore fed by Cu
NPs which evolve toward the maximization of Cu−Cu bonds in
the condensed state compared to Cu−amidine bonds in
solution. Each time a copper nanocrystal adsorbs on the surface,
its amidine ligands are released as a free species in solution. The
continuous increase of the amidine ligands in solution helps to
stabilize larger Cu aggregates with time. Unlike the ALDprocess,
the solution deposition mechanisms proceed by the incorpo
ration of preformed Cu nanocrystals into the growing layer,
releasing their labile ligands in solution, and leading to a clean
copper layer.
Scheme 1. Schematic Description of Cu Film Growth Stagesa
a(a, b) CuAmd precursor initially adsorbs on the substrate at room temperature and ﬁrst release of free amidine; (c) under 3 bar H2 and 110 °C,
adsorbed CuAmd is reduced and NPs nucleation in solution occurs concomitantly; (d) regular growth of the layer by adsorption of NPs and NP
clusters on surfaces and continuous release of free amidine ligands; (e) ﬁnal step characterized by sedimentation of large Cu clusters on surfaces.
Black, white, blue, and copper colored spheres represent C, H, N, and Cu atoms, respectively. Black arrows indicate the condensation of Cu NPs
and clusters and the release of free amidine.
Third Stage (Scheme 1, Step e).During the third and ﬁnal
step most of the copper is already condensed as a thin metallic
ﬁlm and larger Cu grains may appear on the substrate (>3 h,
Figure 4c bottom). Large Cu aggregates are stabilized in solution
due to the availability of a high concentration of free amidine
species. These amidine rich Cu aggregates do not undergo the
previously described condensation mechanism on the growing
layer but just settle at the bottom of the reaction vessel. These
aggregates are considered as byproducts as they bring an
undesirable amount of amidine ligands to the topmost surface of
the Cu ﬁlm. They can be easily removed from the substrate by a
simple rinse with solvent after reaction. One other way to avoid
their presence on the substrate is to stop the reaction before they
start to appear in solution by using shorter deposition times
(between 1 and 2 h).
The solution decomposition of CuAmd under H2 allows
homogeneous coating of all immersed surfaces in the reactor by
a thin and regular Cu ﬁlm. However, the deposition principle is
based on the condensation of preformed Cu NPs or clusters of
several nanometers large. It is therefore interesting to assess the
ability of these Cu NPs or clusters to condense inside narrow
and deep structures like silicon vias or trenches where
geometrical constraints may count.
5. APPLICATION TO 3D SILICON FILLING
Beyond the interest of this process for Cu layer deposition on
silicon substrates comprising a copper diﬀusion barrier17
(MnSiO3, see Experimental and Materials section), it has been
employed on 3D silicon substrates presenting high aspect ratio
structures like vias (depth and entry dimensions: 175−50 μm
and 100−10 μm, aspect ratios of 3.5 and 10 respectively) or
trenches (25−0.8 μm, aspect ratio of 31). Figure 8 presents
cross section views of vias and trenches observed after ca. 100
nm Cu deposition at the central point conditions (Table 1). A
continuous and conductive copper ﬁlm is produced in these
structures. The copper layer is conformal all along the walls and
bottom of the vias, the thicknesses being very similar at the entry
(102 ± 8 nm) and at the bottom (98 ± 8 nm) of the geometries
(Figures 8a, b). The same observation applies for trenches which
present a sub micrometer entry width where a thin and regular
metallic covering of the walls is obtained (Figure 8c).
This conformal copper ﬁlm formed into deep structures has
been employed as a thin and conductive seed layer for the
growth of thick copper by standard electrodeposition technique
(see Experimental and Materials section). A constant intensity
(−3mA/cm) electrolysis process without stirring of the solution
was performed.
The optical microscopy top view of the substrate before and
after the electrochemical process reveals that all vias seem to be
Figure 8. SEM images of silicon 3D substrate after 2 h of Cu deposition: (a, b) top view and bottom view of a 100 μm deep and 10 μm wide via; (c)
cross section view of trenches at 25 μm deep and 0.8 μm wide.
Figure 9. Images of structured via substrate covered with Cu ﬁlm: (a) top view by optical microscopy before and (b) after electrochemically deposited
thick Cu layer; (c, d) FIB SEM cross sectional images of (c) 175−50 μm and 100−10 μm vias (d) after thick Cu electrodeposition; (e−g) FIB SEM
cross sectional images of the electrodeposited Cu inside a 100−10 μm via at the (e) top, (f) middle, and (g) bottom.
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H NMR analysis of CuAmd precursor consumption:
Chemical shift corresponding to the CuAmd precursor (400 MHz, 298 K, 
toluene-d
8
): δ (ppm) 3.44 (heptuplet, 4H, CH of isopropyl group, 
3
J = 6.2
Hz), 1.72 (s, 6H, CH3 of amidine group), 1.19 (d, 12H, CH3 of isopropyl 
group, 
3
J = 6.2 Hz), 1.18 (d, 12H, CH3 of isopropyl group, 
3
J = 6.2 Hz).
Chemical shift corresponding to the amidine ligand (400 MHz, 298 K, 
toluene-d
8
): δ (ppm) 4.17 (bs, 1H, NH group), 3.45 (bs, 1H, CH of
isopropyl group), 2.91 (bs, 1H, CH of isopropyl group), 1.36 (s, 3H, CH3 
of amidine group), 1.18 (bs, 6H, CH3 of isopropyl group), 1.02 (bs, 6H, CH3 of isopropyl group). 
When the reaction is operated in NMR tube a lower concentration of CuAmd is employed (6.10
-3
mol/ L) in order to avoid the complete metallization of the tube walls. The percentage of the 
CuAmd precursor consumption for a given time ta was determined by the integration of the 
singlet signal of the CH3 of the amidine group located at 1.72 ppm and compared with the initial 
signal integration of the same group at t0. 
S-3
Figure S1. Detailed 1H NMR spectra recorded during CuAmd hydrogenolysis in a Fisher Porter reactor 
([CuAmd] = 8 x 10
-2
 mol/ L). 





















Figure S2. 1H NMR spectra of (CH3CH2)SiOH (blue), CuAmd (red), and the mixture of both (green) in 
toluene-d
8
 in the range 4.8 to 2.2 ppm. Cuamd/SiOH correspond Cu complex in interaction with 







H DOSY NMR analyses in the domain 2.4 to 4.0 ppm of (CH3CH2)3SiOH, CuAmd and the
mixture of both. 








Figure S4. HRTEM image of aggregated Cu NPs in the supernatant after 2 h of CuAmd thermolysis 
under H2 pressure. 
 
  




















Figure S5. High magnification SEM image of 10 minutes deposited layer showing the microstructure of 
ca. 30 nm features formed by adsorbed Cu NPs clusters on the substrate. Black circles on the image 
highlight some of the clusters.  
 
  




Table S1. Main components positions (± 0.1 eV), FWHM (± 0.05 eV), percentage of each element (Si 2p, 




Main components position (eV), (FWHM 
(eV)), percentage of each elements (%) 
Si 
2p1/2,3/2 






102.1 530.9 284.7 932.5 648.9 
(0.3) (2.4) (1.4) (1.3) (2.7) 
1.7 35.6 35.7 27.0 0.0 
15 
101.4 530.3 284.8 932.5 648.7 
(0.0) (1.2) (1.7) (1.3) (3.4) 
0.0 29.7 4.0 66.3 0.0 
115 
105.1 530.3 285.6 932.6 647.3 
(0.1) (1.2) (0.1) (1.1) (3.2) 
2.6 6.2 0.8 90.4 0.0 
615 
103.2 532.5 289.4 932.7 647.3 
(1.8) (2.3) (0.0) (1.1) (3.1) 
3.6 5.3 0.0 91.1 0.0 
1615 
104.0 533.3 284.9 932.6 642.4 
(2.1) (1.9) (0.2) (1.2) (3.4) 
38.3 60.4 0.0 0.5 0.8 
2615 
104.0 533.3 285.9 932.5 640.8 
(2.0) (1.8) (0.1) (1.2) (0.4) 
39.2 60.5 0.0 0.2 0.2 
3615 
103.9 533.3 285.0 932.6 642.3 
(2.0) (1.8) (0.0) (1.0) (0.1) 





Figure S6. XPS general spectra showing the elements present in the deposited layer (Si, Mn, Cu, O, C) 
and measured at increasing etching time (from 0 s to 7000 s).  
